Marked endocrine alterations occur after delivery. Most women cope well with these changes, but the postpartum period is associated with an increased risk of depressive episodes. Previous studies of emotion processing have focused on maternal-infant bonding or postpartum depression (PPD), and longitudinal studies of the neural correlates of emotion processing throughout the postpartum period in healthy women are lacking. In this study, 13 women, without signs of post partum depression, underwent fMRI with an emotional face matching task and completed the MADRS-S, STAI-S, and EPDS within 48 h (early postpartum) and 4-6 weeks after delivery (late postpartum). Also, data from a previous study including 15 naturally cycling controls assessed in the luteal and follicular phase of the menstrual cycle was used. Women had lower reactivity in insula, middle frontal gyrus (MFG), and inferior frontal gyrus (IFG) in the early as compared to the late postpartum assessment. Insular reactivity was positively correlated with anxiety in the early postpartum period and with depressive symptoms late postpartum. Reactivity in insula and IFG were greater in postpartum women than in non-pregnant control subjects. Brain reactivity was not correlated with serum estradiol or progesterone levels. Increased reactivity in the insula, IFG, and MFG may reflect normal postpartum adaptation, but correlation with self-rated symptoms of depression and anxiety in these otherwise healthy postpartum women, may also suggest that these changes place susceptible women at increased risk of PPD. These findings contribute to our understanding of the neurobiological aspects of the postpartum period, which might shed light on the mechanisms underlying affective puerperal disorders, such as PPD.
Introduction
A normal pregnancy and postpartum period are associated with major endocrine alterations which are adaptive changes in preparation for childbirth and nursing [1] . However some of these adaptations would be considered pathological if present in non-pregnant women. For instance, the postpartum period is characterized by suppression of estradiol and progesterone levels and the hypothalamic-pituitary-adrenal (HPA) axis [2] , attenuated serotonergic activity [3] [4] [5] , decreased cortical γ-butyric acid (GABA) concentrations [6] , activation of the inflammatory response [7] , and decreased responsivity of the autonomous defense system [8] . The hormonal changes across pregnancy and the puerperium have repeatedly been proposed as important risk factors for postpartum depression [9] [10] , indicating that emotion processing is affected by these adaptive changes.
Adequate emotion processing in the postpartum period is of immediate importance for maternal-infant bonding and involves attention, appropriate infant emotion recognition, reward/ motivation, preoccupation of thought, and parental empathy [11] [12] [13] [14] . Because of the relevance for short-and long-term offspring health, human imaging studies conducted in the postpartum period have focused predominantly on the neural correlates of postpartum depression [15] [16] [17] [18] , maternal behavior and attachment (using images of mothers' own infants or infant cries as stimuli) [19] [20] [21] [22] [23] [24] , and changes in parental brain volume associated with maternal-infant bonding [25] [26] . However, to enhance the understanding of the maternal brain, and to allow comparison with non-pregnant states, it is also important to investigate emotional processing in the postpartum period that is unrelated to motherhood. We previously reported that prefrontal brain activity during a response inhibition task was decreased throughout the first postpartum weeks in healthy women compared with non-pregnant control subjects [27] and using a task with affective images Rupp et al., [28] observed decreased amygdala reactivity in women 4-24 months post partum as compared to naturally cycling women. However, with a few exceptions [14] , longitudinal studies of the neural correlates of emotion processing throughout the endocrine changes of the postpartum period in healthy women are scarce.
Emotion processing involves changes in reactivity within a network including the amygdala, insula and ACC as well as the prefrontal cortex [29, [30] [31] [32] [33] and aberrant reactivity in this network have been reported to accompany symptoms of depression and anxiety [29] . Identification of the endocrine influence on emotion processing in the postpartum period among healthy women may serve as a valuable basis for future studies of postpartum depression and provide novel insights into how variations in ovarian steroid levels and the HPA axis affect such processing. An emotional face matching task based on work by Hariri and colleagues [34] has previously been used for assessment of emotional reactivity in relation to various hormonal states and the results suggest that ovarian steroid modulate reactivity in emotion processing areas such as the amygdala [35, 36] and insula [37] . A similar paradigm has also been used to display that reactivity in the dlPFC and connectivity dlPFC-amygdala is reduced in postpartum depression [16] .
Amygdalar reactivity to various emotional stimuli (especially those with negative valence) has been reported to be increased during progesterone exposure, such as in the luteal phase of the menstrual cycle [35, 38, 39] , and in response to single-dose progesterone administration [36] . In contrast, emotion-induced insular reactivity has been reported to be reduced in the presence of high estradiol and progesterone levels, [37, [41] [42] . Mixed results, in terms of ovarian hormone responsiveness, have been reported for other emotion processing and regulatory areas, such as the OFC, ACC, mPFC, inferior frontal gyrus (IFG) and middle frontal gyrus (MFG) [39, 40, 41, 43, 44] .
The aim of this longitudinal functional magnetic resonance imaging (fMRI) study was to examine the neural correlates of emotion processing in healthy postpartum women during a task that required matching of emotional faces. Participants were assessed at two time-point during the postpartum period; within 48 h of delivery when estradiol and progesterone levels still are relatively high; and 4-6 weeks postpartum when these hormones have reached their nadir. In addition, the postpartum women were compared with data from a previously published set of non-pregnant control subjects in the late luteal phase [30] . Based on their involvement in emotion processing [33, [40] [41] [42] [43] and responsivity to changes in ovarian steroid levels [30-32, 34-39, 44 ] the bilateral amygdala, insula, ACC, IFG, and MFG were defined as regions of interest (ROIs). In comparison to the early postpartum period and naturally cycling controls, we predicted lower reactivity in the amygdala and higher reactivity in the insula during the late postpartum period, when ovarian steroid levels are suppressed. For ACC, IFG and MFG, results of previous studies are hitherto inconclusive and we did thus not have a directional hypothesis for these areas.
Materials and Methods Participants
Twenty-six right-handed healthy postpartum women were recruited for this study from the maternity ward of the Department of Obstetrics and Gynecology, Uppsala University Hospital. Women aged 18-45 years with normal pregnancies, uncomplicated vaginal or Caesarean deliveries, and at least one night of sleep following delivery were included in the study. Exclusion criteria were postpartum complications; admission of infants to the neonatal intensive care unit; ongoing depression or anxiety disorders according to the Swedish version of the Mini International Neuropsychiatric Interview [45] ; treatment with hormonal compounds or psychotropic drugs within 3 months prior to the study; and neurological disorders or previous brain trauma. Additional exclusion criteria, according to the guidelines of the hospital's Center for Medical Imaging, were the use of a pacemaker, defibrillator, aneurysm clips, or any other metal implantation; visual impairment (>5 degrees myopia/hyperopia or profound astigmatism); and weight > 150 kg.
Sixteen healthy non-pregnant women who participated in our previous study [30] served as control subjects. They had self-reported regular menstrual cycles (25-31 days), did not use hormonal contraception, and were >1 year postpartum (or nulliparous) and not breastfeeding. Relevant exclusion criteria described above were also applied to these participants. All participants in the study were Caucasian.
All participants provided written informed consent prior to inclusion and the procedures were approved by the Regional Ethical Review Board, Uppsala, Sweden.
Study design
Two fMRI sessions were scheduled for each participant in the postpartum group: within 48 h after delivery (early postpartum) and 4-6 weeks after delivery (late postpartum). For the naturally cycling controls, a session in the late luteal (postovulatory days 8-13) phase of the menstrual cycle was used for comparison with women early postpartum and a session in the midfollicular phase (6-12 days post menstrual bleeding) for the comparison with women late postpartum (for further details, see [30] ). The choice of comparison group was based on progesterone levels, as progesterone has greater influence on emotion processing than estradiol [46] . Scanning sessions for postpartum women could not be counterbalanced, for obvious reasons, but among healthy controls phase of entry was counterbalanced across phases. Blood samples for hormonal analyses were drawn approximately 20 min prior to each scanning session. Before each session, all participants were asked to complete two (control group) or three (postpartum group) questionnaires: the self-rated version of the Montgomery-Åsberg Depressive Rating Scale (MADRS-S) [47] to assess depressive symptoms during the previous 3 days, the state version of the Spielberger State-Trait Anxiety Inventory (STAI-S) [48] to evaluate state anxiety, and the Edinburgh Postnatal Depression Scale (EPDS; postpartum group) [49] .
Hormonal analyses
Serum progesterone and estradiol levels were analyzed by competitive immunometric electrochemical luminescence at the hospital's Department of Medical Sciences using a Cobas e601 analyzer and Cobas Elecsys estradiol and progesterone reagent kits (Roche Diagnostics, Bromma, Sweden). The measurement intervals for progesterone and estradiol were 0.1-191 nmol/l and 18.4-15,781 pmol/l, respectively. The intra-assay coefficients of variation for progesterone were 2.2% at 2.4 nmol/l and 2.8% at 31.6 nmol/l, and those for estradiol were 6.8% at 85.5 pmol/l and 2.8% at 1640 pmol/l.
fMRI paradigm
An emotion processing task based on that described by Hariri et al. [29] was used to activate the emotional areas of the brain. This paradigm comprises contrasting tasks involving emotion processing (three angry and fearful Ekman facial expressions) and simple sensorimotor control (three vertical or horizontal ellipses). Participants were instructed to select one of two images (displayed below the target image) displaying the same emotion or orientation as the target image (displayed at the top of the visual field) by pressing a button with the left or right index finger. Emotion and sensorimotor control task trials were presented in blocks of six, in which images were presented for 4 s, interspaced with a fixation cross (2 s for the sensorimotor control task and a randomly selected duration of 2, 4 or 6 s for the emotion task). The target facial expression or shape orientation differed among trials, with each emotion block containing an equal mix of emotions and sex of the individuals depicted. Accuracy and reaction times were registered for each trial. The paradigm consisted of four blocks of faces (total, 24 trials) and five blocks of shapes (total, 30 trials).
fMRI data
MR imaging was performed using a whole-body scanner (Achieva 3T X; Philips Medical Systems, Best, The Netherlands) equipped with an eight-channel head coil. An anatomical T 1 -weighted reference dataset (voxel size, 0.8 × 1.0 × 2.0 mm 3 ; 60 slices) was acquired at the beginning of each scanning session. During stimulus presentation, blood oxygen level-dependent (BOLD) imaging was performed using a single-shot echo planar imaging sequence (echo time/ repetition time, 35/3000 ms; flip angle, 90°; acquisition matrix, 76 × 77; acquired voxel size, 3.0 × 3.0 × 3.0 mm 3 ; 30 slices).
Participants underwent fMRI in supine position with the head lightly fixed with Velcro strips. During scanning, visual stimuli were presented through goggles mounted on the head coil (Visual System; NordicNeuroLab, Bergen, Norway). The stimulus paradigm was implemented using the E-prime commercial software package (Psychology Software Tools, Sharpsburg, PA, USA). To synchronize the paradigm with the scanner, trigger pulses from the scanner were fed to the paradigm-controlling PC through SyncBox (NordicNeuroLab).
DICOM images from the scanner were converted to NIfTI files using the MRicron freeware package (available at http://neuro.debian.net/pkgs/mricron.html). The data were analyzed in MatLab (MathWorks, Natick, MA, USA) using SPM 5 (available at http://www.fil.ion.ucl.ac. uk/spm/software/spm5/). BOLD images were realigned to create a mean image for each session, timed to the middle slice of each whole brain volume, co-registered with the individual's anatomical scan, and normalized to Montreal Neurological Institute (MNI) space using parameters obtained from segmentation of the individual's anatomical scan. Finally, smoothing was performed using an 8-mm Gaussian kernel (full width, half maximum). For each participant, the BOLD signal was regressed on the stimulus function (boxcar, onsets, and durations of facial stimuli and geometrical shapes) and six movement parameters obtained from the realignment step. The BOLD signal was convolved with the canonical hemodynamic response function provided by SPM. Contrast maps of reactivity to facial stimuli in contrast to that of geometrical shapes were produced for each individual. These maps were used for second-level randomeffect group comparisons.
Statistics
A mask was created of ROIs at the bilateral amygdala, insula, ACC, IFG, and MFG using anatomical automatic labeling definitions (amygdala, insula, and ACC) and Talairach Daemon labels (IFG and MFG) from the Wake Forest University PickAtlas [50] [51] . Spatial localizations are reported in Talairach coordinates. Differences between early and late postpartum test sessions and between women post partum and healthy controls were analyzed with SPM using paired t-tests and an ANOVA followed by regular t-tests respectively, with a statistical threshold of p < 0.01 (small volume corrected) and an extent threshold of 10 contiguous voxels.
Comparisons of hormone levels, self-rated anxiety and depressive mood, and performance in the emotion-processing paradigm were performed by use of repeated measures ANOVA with group as between-subjects and time-point as within-subjects variables. Spearman rank correlation analyses were conducted to examine mean extracted ROI activity in arbitrary units. All analyses outside SPM were performed using SPSS software (version 20.0; SPSS Inc., Chicago, IL, USA). Values are expressed as means ± standard deviations, unless otherwise noted.
Results Participants
A total of 46 women meeting initial inclusion criteria were asked to participate in the study, and 26 postpartum women agreed to participate. Out of those, eight could not be examined within 48 h after delivery due to lack of access to the fMRI equipment. One postpartum woman dropped out of the study after the first test session and three additional participants were excluded due to claustrophobic symptoms during scanning (n = 2) and nausea (n = 1). In addition, one postpartum woman was excluded from the fMRI analyses due to movement artifacts (peaks of movement > 3 mm on the x/y/z axis or >2°rotation). One of the 16 control subjects dropped out after the first scanning session. Thus, final analyses included 13 postpartum women and 15 naturally cycling control subjects. No significant differences in demographic or behavioral data were detected between excluded and remaining participants. Postpartum women participated in the first and second fMRI sessions 27 ± 10 h and 34 ± 5 days, respectively, after delivery. Table 1 provides demographic data for the study participants. No difference in age, number of previous pregnancies, body mass index, or educational level was detected between groups. A significantly larger proportion of postpartum women than control subjects was married or cohabiting. All postpartum women were breastfeeding. Eight (61.5%) postpartum women had vaginal deliveries and five (38.5%) underwent Caesarean section.
Demographic data

Hormone levels
As expected, serum concentrations of estradiol and progesterone were higher in early than in late postpartum (estradiol, 1590 ± 709 vs. 120 ± 56 pmol/l; progesterone, 45.6 ± 37.7 vs. 0.8 ± 0.5 nmol/l; both p < 0.01). Estradiol and progesterone serum concentrations were significantly higher in early postpartum and significantly lower in late postpartum women than in naturally cycling control subjects in the luteal (estradiol, 414 ± 211 pmol; progesterone, 21.8 ± 13.1 nmol) and follicular (estradiol, 304 ± 150 pmol; progesterone, 3.4 ± 3.8 nmol) phase (all p < 0.05).
Ratings of anxiety and depression
The ANOVA revealed a significant main effect of group for the MADRS-S scores, where postpartum women had higher scores than naturally cycling controls at both assessments. EPDS scores were higher in early than in late postpartum. There was no difference in state anxiety (STAI-S) between groups or test sessions (Table 2) .
fMRI data
Reactivity in the right insula, bilateral IFG and left MFG was lower in the early than in the late postpartum assessment (Table 3, Fig 1) . At the early postpartum assessment reactivity in the IFG (BA 9) and the insula was positively correlated with state anxiety. At the late postpartum assessment reactivity in the IFG (BA 44 and 9) and the insula was positively correlated with self-rated depression, as assessed with the MADRS-S, and for insula also with a trend for the EPDS (Table 4 , Fig 2) . No correlation between brain reactivity and estradiol or progesterone serum concentration was observed at any of the postpartum time-points (S1 Table) . There were no regions where reactivity was higher at the early postpartum than late post partum. In the comparison with non-pregnant women, reactivity in the insula and IFG was found to be higher in postpartum women than in naturally cycling controls (Table 5 ). There was also a main effect of low hormone levels in insula, IFG and MFG (Table 5) .
At all sessions, higher reactivity was observed in response to faces than to shapes in large clusters including the bilateral amygdala, insula, IFG, and MFG (data not shown). Reaction times and the number of erroneous responses to emotional or sensorimotor control stimuli did not differ between the early and late postpartum assessment. Similarly, no difference between postpartum women and naturally cycling controls was detected ( Table 2) .
Discussion
To our knowledge, this study represents one of the first attempts to address longitudinal changes in emotion-induced brain reactivity in healthy women during the postpartum period. Our findings indicate that reactivity in the IFG and insula were higher at 6 weeks postpartum than immediately following delivery. Notably, IFG and insular reactivity at 6 weeks postpartum were generally elevated as compared to healthy controls and were also correlated with depressive symptoms in these otherwise healthy, non-depressed postpartum women. One of the most important distinguishing endocrine features of the postpartum period is the dramatic drop in estradiol and progesterone levels. Within a week from delivery (and the removal of the placenta), levels of ovarian steroid hormones drop from the 100-fold increase during pregnancy to levels that are in the postmenopausal range. Thus, insular reactivity increased over time in the postpartum period, i.e. during the shift from the high hormonal state of pregnancy to the low hormonal state of the postpartum period. Although the postpartum period is characterized by a multitude of hormonal and emotional changes in addition to a rapid decline in ovarian steroids, and no correlation between ovarian steroid levels and insular reactivity was noted, the increased insular reactivity in the late post partum period is consistent with those of previous studies suggesting a link between insular reactivity and changes in ovarian steroid levels [35, [41] [42] . Previous studies have reported a relatively rapid increase in ovarian steroid levels to be accompanied by decreased insular reactivity to emotional stimuli [35] ; the results of the present study show the opposite pattern, wherein the shift from high to low estradiol and progesterone levels was followed by an increase in insular reactivity. The transition from the supraphysiological hormone state of pregnancy to the postpartum period thus seems to affect insular reactivity to emotional stimuli.
Increased insular activation to emotional stimuli (or the anticipation thereof) may also underlie some depressive and anxious states [52] [53] [54] [55] . While increased insular reactivity in our healthy postpartum women may represent an adaptation in emotion processing that supports effective parenting, it could also, hypothetically, contribute to the increased risk of depression observed postpartum. Even though participants in the present study reported sub-clinical levels of depressive symptoms, and previous studies have reported women with postpartum depression to have reduced emotion-induced left dorsomedial prefrontal cortex activation [16] and amygdala reactivity [16, 18, 56] , areas that were not observed to be affected in the present study, the observed positive correlation between insular reactivity and depression scores at 4-6 weeks postpartum leaves preliminary support to the later theory. In addition, the observed early postpartum correlations with emotional reactivity and anxiety may reflect hormonal withdrawn manifested as "postpartum blues" with heightened emotionality, but may be important as postpartum blues is a strong risk factor for later development of depression [57] which may also account for the slightly higher depressive scores at the early assessment. In the late post partum period it is possible that this initial mood-response is abolished for the majority of women and thus also this correlation. However, especially for the insula there seem to be a shift from anxiety to depressive correlations at the late postpartum assessment. Even though the participants in the study were healthy, without any signs of PPD, we would argue that the correlations with depressive scores may indicate that the increase in insula and IFG reactivity in late postpartum could lay ground for development of postpartum depression in vulnerable women. Delivery induces changes not only in hormonal levels but also increases maternal emotionality [48] . Most studies conducted in the postpartum period have examined maternal behavior and attachment by comparing mothers' reactions to images and video clips of their infants with those to images of other infants or adult faces [20, 23] . Although the present study was not designed to examine changes in maternal behavior throughout the postpartum period, the observed changes in insular and IFG reactivity are in line with the findings of previous studies of maternal behavior [20] [21] [22] [23] and may reflect an evolving maternal behavior and attachment process [20] [21] [22] [23] 58 ], a theory which may be supported by the notion that postpartum women had higher insular reactivity as compared to naturally cycling controls, which was accentuated in the late postpartum period. However, as no measurement on maternal behavior or attachment was included in the study, these conclusions remain speculative.
A previous study on healthy women postpartum has reported of decreased amygdala reactivity in women postpartum as compared to naturally cycling women during watching of negative affective images [28] . This reduction was not observed in the present study, which may be due both to a different type of paradigm, but also to differences in time point for assessment and hormonal exposure. While the present study had a relatively narrow time-frame, 4-6 weeks postpartum, the study by Rupp et al., (2014) included women 1-6 months postpartum. There were also differences in hormonal exposure, whereas all participants in the present study had low levels of ovarian steroid hormones at the second scanning session, a substantial proportion of the postpartum women in the study by Rupp et al, (2014) where using hormonal contraceptives. Using the same sample of women, we have previously observed that reduced reactivity in the IFG characterize the late postpartum period during an inhibitory task [27] . As the task used in the present study was not designed to address an explicit regulatory reactivity it is likely that the change in IFG reactivity observed in the present study is due to emotion exposure rather than emotional control. Nevertheless the inverse relationship with increased emotional reactivity in the late postpartum period and a decrease in inhibitory reactivity during the same period may suggest that the postpartum period could be characterized not only by increased demands for emotion processing, but also by a reduced need for cognitive control [27] . Further studies including paradigms with a more explicit emotion regulation may further clarify this relationship.
Although the aim of this study was to investigate emotion-induced brain activity that might be influenced by changes in ovarian steroid levels in the first postpartum weeks, we recognize that the different activation patterns in the postpartum period may also be related to HPA axis hyporesponsiveness [59] , lingering dexamethasone non-suppression [60] [61] or increased oxytocin levels [62] , especially as all women postpartum were breastfeeding. Even though peripheral oxytocin levels are difficult to interpret, as they increase only during nursing [63] and do not cross the blood-brain barrier [64] the availability and analysis of plasma cortisol and oxytocin levels would have strengthened this study. However, a cross-sectional study by Rupp et al., [28] showed that the blunting effect of oxytocin on emotional brain reactivity may be less pronounced in women post partum than in healthy controls. Unfortunately, the present study also had insufficient power to determine whether the pattern of increased emotion-induced brain activity differed between primiparous and multiparous women, or between women with normal vaginal and Caesarean deliveries [24] . Future studies should address these issues, in addition to emotion responses to personally tailored stimuli. The present study is also limited by the small sample, especially for the attempt to estimate correlations between brain reactivity and ovarian steroid hormones, but it represents a hypothesis-generating attempt to describe the neuroanatomical correlates of emotion processing in the postpartum period in healthy, non-depressed women. The generalization of our findings to newly delivered women may be hampered by some characteristics of our study participants: these women were highly motivated, well educated, and had physically and psychologically uncomplicated deliveries and postpartum periods.
Conclusions
In conclusion, this study demonstrated that emotion-induced insular and prefrontal reactivity increased throughout the first 4-6 postpartum weeks and that IFG and insular reactivity at the late postpartum assessment correlated positively with depression scores in healthy women. These findings contribute to our understanding of the neurobiological aspects of the postpartum period, which in turn might shed light on the mechanisms underlying maternal behavior, and possibly, affective disorders of the puerperium.
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